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Abstract

Exosomes are small membranous vesicles implicated in intercellular signalling. Through their
uncanny ability to carry and deliver donor cellular cargo (biomolecules) to target cells, they exert a
profound effect on the regular functioning of healthy cells and play a significant role in
pathogenesis and progression of several diseases, including cancer. The composition and number
of endogenously circulating exosomes frequently vary, which is often reflective of the
pathophysiological status of the cell. Applicability of exosomes derived from normal cells as a
drug carrier with or without modifying their intraluminal and surface components are generally
tested. Conversely, exosomes also are reported to contribute to resistance towards several anti-
cancer therapies. Therefore, it is necessary to carefully evaluate the role of exosomes in cancer
progression and resistance and the potential use of exosomes as delivery vehicle of cancer
therapeutics. In this review, we summarize the recent advancements in the exploitation of
exosomes as a drug delivery vehicle. We also discuss the role of exosomes in conferring resistance
to anti-cancer therapeutics. It is to be noted that while the present article provides information
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about the characteristics, composition and outcome of exosome-mediated therapeutics in cancer,
the role of exosome in resistance and exosome-based drug delivery is also applicable to other
human diseases.
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Introduction

Efficacy of anticancer drugs is limited by poor drug solubility, short half-life, and inefficient
drug delivery to the tumor cells resulting in drug resistance, significant local and systemic
toxicity [1]. To override these clinical challenges, testing of various nanoformulations
(liposome, biodegradable polymers, microspheres, hydrogels, etc.) has been undertaken.
While each of the formulations has shown promise in preclinical studies, their clinical
translation has been hampered by off-target effects and toxicity albeit lower than that
observed with chemotherapeutic drugs. Therefore, new and improved nanocarriers having
desirable properties such as biocompatibility, ability to carry hydro- and hydrophilic drugs,
have longer half-life in vivo are warranted. Ultimately, these nanocarriers need to efficiently
target and deliver anticancer drugs to the tumor cells [2]. It is in this set up that researchers
were attracted to test extracellular vesicles (EVs) including exosomes as natural drug
delivery vehicle for cancer therapy.

EVs are secreted by almost all cell types and play significant roles in intercellular
communication [3, 4]. EVs are classified into three types; exosomes, microvesicles (MVs),
and apoptotic bodies based primarily on their size and pathway of generation. Among them,
exosomes have garnered greater attention and are the most widely studied in cancer biology
and therapy. Exosomes are 30—150 nm sized vesicles generated by the endocytic process and
secreted by the fusion of multi-vesicular bodies (MVBs) with the plasma membrane [5].
Exosomes are enriched with distinct membrane proteins called tetraspanin proteins such as
CD9, CD37, CD63, CD81 and CD82. Additionally, proteins such as the tumor susceptibility
gene (TSG)-101 and Alix of exosome sorting complex required for transport (ESCRT) are
also routinely used as markers to characterize exosomes [6].

The ever-increasing body of literature suggests that exosomes are involved in the regulation
of normal functioning of cells. Additionally, they have also been reported to be involved in
the pathology of several human diseases that include cardiovascular, neurodegenerative and
autoimmune diseases and cancer [7-10]. The exosome composition (lipids, nucleic acids,
metabolites, proteins, and peptides) reflects its cellular origin. However, the composition in
diseased cells under pathological conditions is dysregulated compared to normal healthy
cells [11]. Efforts to characterize the exosomal composition necessitated the emergence of
databases like ExoCarta, Vesiclepedia, and EV miRNA which document and present the
relevant information from various publications [12-14]. A growing number of reports have
demonstrated exosomes also contribute to resistance against anticancer drugs via autocrine
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and paracrine mode of communication. This exosome mediated resistance mechanism
eventually results in therapy failure and disease recurrence [15].

In this short review, we will first discuss the accumulating knowledge on the strategies
applied to use exosomes as drug delivery systems and in targeted delivery of therapeutics;
and in the later part about their role in carting factors that contribute to resistance to a variety
of anti-cancer therapies.

1. Exosomes in cancer drug delivery

Exosomes are suitable as drug delivery vehicles due to their small size, biocompatibility, and
reduced toxicity in comparison with synthetic nanoformulations such as liposomes,
dendrimers, and polymers [2]. Additionally, delivery of anticancer drugs contained in
exosomes demonstrated improved pharmacokinetic and pharmacodynamic properties and
enhanced anticancer activity /n vivo compared to free drug [16]. Similarly, loading of
therapeutic nucleic acids such as small interfering (si) RNA into exosomes protects the RNA
from nucleases and increases cellular uptake and therapeutic effect compared to free RNAs
that are rapidly degraded by nucleases [17, 18]. Above all, exosomes have the ability to
cross the blood brain barrier and penetrate deep tissues with improved efficacy compared to
that of synthetic nanocarriers [19]. Thus, exosomes are demonstrably an effective and
necessary tool for carrying and delivering the anti-cancer therapeutics. In the sections
outlined below, we discuss the current status and research strides made in using exosomes as
delivery vehicles for cancer treatment.

1.1. The cellular source of exosomes. Does it matter?

Exosomes can serve as a natural and potential carrier for cancer drug delivery. However,
exosomes obtained from different biological sources and cell types behave differently /n
vivo thus impacting the anticipated antitumor activity. So, it is imperative to find an
appropriate biological or cellular source for exosome isolation with desirable characteristics
for use as drug carrier. For instance, exosomes isolated from macrophages had better
doxorubicin loading capacity than did exosomes isolated from pancreatic cancer cells or
pancreatic stellate cells [20]. Similarly, autologous exosomes (same cell type) were reported
to function with higher potential in drug loading capacity and delivering of gemcitabine to
pancreatic cells than did heterologous (different cell type) exosomes [21]. Additionally, a
study by Emam et al., demonstrated that the autologous exosomes of C26 colorectal cancer
cells were taken up more efficiently than the allogeneic exosomes from B16-BL6 melanoma
cells in a murine model [22]. Thus, it is evident that exosomes from the same cell type are
taken up effectively than the exosomes from another cell type from the same species.
However, this is not always a beneficial criterion for selecting the cells source for exosome
isolation. Sometimes, exosomes isolated from donor cell that is different from the recipient
cell function better as drug delivery vehicle. Indeed, exosomes isolated from certain cell
types show organotropism towards certain cancers wherein the exosomes get accumulated
selectively in the major cell type of an organ rather than in adjacent cell types. For instance,
overexpression of integrin beta 4 (ITG-B4) on the surface of human MDA-MB-231 breast
cancer cell line, and its subsequent interaction with surfactant protein C (SPC+) on the
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surface of human A549 lung cancer cells are reasoned for the observed lung-tropism of
exosomes from breast cancer cells. This finding could be explored for developing a drug
delivery vehicle for lung cancer [23].

Studies report tumor-derived exosomes (TDES) as drug carrier for cancer therapy. The
rationale is that TDEs express different kinds of ligands and receptors on their surface that
can be utilized to target the actively growing /n situ tumor. By this approach, surface
modification of exosomes for tumor-targeted drug delivery which is the norm for synthetic
drug carriers, is avoided. As an example, TDEs loaded with the heat shock protein (HSP)-90
inhibitor geldanamycin exhibited improved antitumor activity compared to administration of
free drug [24]. Similarly, induction of robust cytotoxic T-cell response against lung cancer
was observed with tumor-associated exosomes compared to tumor cell lysate suggesting
exosomes as better cancer vaccine candidate [25]. Contrary to these reports, studies
demonstrate exosomes are notorious in their function and could operate as both pro-
tumorigenic and anti-tumorigenic based on the source from which exosomes are derived. For
example, exosome from menstrual mesenchymal stem cells (MenSc) exhibited
antiangiogenic properties /n vitro and in vivo while exosomes from bone marrow derived
stem cells promoted tumor growth /n vivo [26]. Adding to the literature, studies from our
own laboratory have observed exosomes from human lung tumor cells are pro-tumorigenic
(unpublished) and could be deleterious in their use as drug carriers. Therefore, we have
resorted to using exosomes from normal lung fibroblast cells as drug carriers for cancer
treatment [27].

Taken together, it is evident that the source of exosomes to be isolated and used for
anticancer drug delivery needs to be prudently chosen that offer benefit and not harm.

1.2. Methods to obtain a high yield of exosomes

Although, exosomes possess favourable characteristics for drug delivery, producing them in
adequate quantity for pre-clinical and clinical trial applications remains a challenge.
Conventional methods applied for isolating exosomes include differential
ultracentrifugation, ultrafiltration, precipitation, immunoaffinity capture beads-based
methods. Application of these methods while improving the quality of exosomes is limited
by the low yield and occasionally containing contaminants including microvesicles in the
preparation [28, 29]. Recently, acoustic and fluidic device-based purification methods were
described which again focuses primarily in improving the quality [30]. Application of
tangential flow filtration (TFF) has also been shown to improve the quality and more
importantly useful for concentrating the exosome number. Since cell culture supernatant is
often the source of exosomes, multiple methods were described to increase the secretion of
exosomes from cell culture into the medium thereby the above mentioned purification
methods can be exploited efficiently to achieve adequate quantity of exosomes. For example,
application of chemical, electrical stimulation, hypoxia and silencing of specific endo-
lysosomal traffic proteins have shown to enhance exosome production and secretion from
cells (Figure 1). Large-scale exosome production using laboratory and industrial grade
bioreactors are also being evaluated for clinical testing.
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In case of chemical induction of exosome production, paraformaldehyde and dithiothreitol
(DTT)-mediated blocking of sulfhydryl group on the receptor proteins increased exosome
blebbing and quantity [31]. Exosomes prepared this way showed improved release of Dox to
the recipient cells leading to reduced tumor growth in mice compared to mice receiving
liposome preparations. Similarly, calcium phosphate (CaP) treatment of THP-1 monocytes
like cells or RAW264.7 macrophage cells increased the production of exosomes [32]. Along
these lines, inhibition of endo-lysosomal trafficking by silencing the N-Myc downstream
regulated-1 (MDRGI) gene increased exosome secretion [33]. On the other hand, exosomes
secreted from stress induced cells were able to facilitate antitumor function. As such,
hepatocellular carcinoma (HCC) cells that are resistant to chemotherapeutic drugs secreted
exosomes with increased levels of Hsp-60, —70 and —90 proteins. These exosomes
eventually bolstered the function of natural killer (NK) cells thereby boosting immune
surveillance [34]. Similarly, hypoxia-induced stress is known to activate exosome production
and secretion by multiple cell lines /n vitro that can be further explored for their applicability
as drug delivery vehicles. However, it is to be noted that hypoxia induced exosomes carry
proteins such as protein-lysine-6-oxidase (LOX), thrombospondin-1 (TSP-1) and vascular
derived endothelial growth factor (VEGF) that are known to play a role in metastasis,
invasion, angiogenesis, and tumor progression. Hence, phenotypic outcome of these hypoxia
associated exosomes on the recipient cells needs to be determined before being used as a
drug carrier [35-38]. Another novel approach used electrical signal to induce exosomes in
cell culture. Minimal electric treatment (0.34 mA/cm?) to murine melanoma and fibroblast
cells ended up in yielding more exosomes. This noticeable increase in the production of
exosomes operate through the activation of Rho GTPase signalling [39]. These methods
while useful in enhancing the exosome production, continue to be inadequate for industrial
scale production. To fill this gap, microcarriers and hollow-fiber bioreactors with increased
surface area are being developed and tested for producing exosome in large-scale quantities
[40, 41]. However, these bioreactor-based methods have intrinsic steps that influence and
modify the phenotype of the cells over time thereby reducing the quality of the exosomes.
For example, interleukin (IL)-2 was reduced in the exosomes from T cells when subjected to
agitation at 180 rpm [42]. Thus, it is important to carefully select and optimize the method
of large-scale exosome production that ensures the quality of exosomes is maintained
without influencing the exosome source adversely.

Ensuring the quality and quantity of exosomes isolated from bodily fluids such as blood and
urine is another challenging task. Enrichment of exosomes with specific receptor protein is
explored besides using conventional methods to address this requirement. For example,
purification of transferrin receptor (TfR+) containing exosomes from blood using the
superparamagnetic nanoparticle cluster method with transferrin (Tf) surface conjugated
nanoparticles was shown to result in exosomes with increased biocompatibility and
deliverability [43]. Recently, an exosome total isolation chip (ExoTic) was launched that
works primarily by filtration to isolate exosome from bodily fluids and resulted in a 1000-
fold increased yield [44]. Altogether, these methods can be used to produce sufficient
quantities of exosomes for their subsequent use in the drug delivery applications.
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1.3. Methods of exosome preservation with the retention of quality and function

To successfully utilize exosomes as a delivery vehicle it is important to optimize the storage
methods for the isolated exosomes. It is necessary because the native exosomes lose quality
and functionality during standard storage condition such as freezing at —-80°C and repeated
freeze thaw cycles rupture or aggregate the exosomes [45]. Multiple storage conditions were
tested to find a suitable method. For instance, Frank et al., studied the enzyme activity of
beta-glucuronidase loaded onto exosomes isolated from mesenchymal stem cells, endothelial
cells and cancer cells. They stored the exosomes at —80°C, +4°C, room temperature and
lyophilized; of which lyophilization worked most efficiently [46]. Similarly, a recent study
demonstrated that exosomes modified with a peptide rich in arginine for enhanced
penetration of the cell retained their quality during lyophilization [47]. Furthermore,
Charoenviriyakul et al., demonstrated that the lyophilization of B16BL6 melanoma cell-
derived exosomes with the cryoprotectant, trehalose, reduces their aggregation during the
lyophilization step [48]. However, Akers et al., argued that lyophilization reduced the EV
number and their RNA content when compared to exosome storage at room temperature
[45]. Thus, prior consideration of the appropriate method for long-term storage of exosomes
specific to a cellular source would increase the beneficial applications.

1.4. Exosome loading with desired content

Once the exosomes are isolated from the cellular or biological source of choice, they are
loaded with the therapeutic drug of interest, thereby making them more effective for drug
delivery. Different types of synthetic and natural biomolecules, including nucleic acids,
lipids, proteins and small chemical drugs are loaded into the exosomes. There are two kinds
of strategies followed in the exosomal loading of any content that includes the endogenous
and exogenous loading. In the endogenous loading method, overexpression of nucleic acid
and/or protein in the source (donor) cells results in generation of exosomes pre-loaded or
enriched with the component of interest (Figure 2). In the exogenous loading method,
exosomes are directly loaded with nucleic acids and small molecular therapeutics using
various methods including chemical transfection, electroporation, sonication and co-
incubation.

Each of the loading methods have pros and cons of their own. The required method is often
decided based on the therapeutic component that is to be loaded into these exosomes. For
instance, loading the mRNA transcripts into exosomes often results in a reduced yield than
when loading them with short RNAs such as siRNAs and miRNAs. In this scenario, loading
the exosomes with mRNA is preferably done through an endogenous method. A recent study
utilized a nanoporation method where-in the source cells were transfected with plasmid
DNA to express the desired biomolecule and transiently stimulated with an electric signal.
This method yielded a 50-fold increase in exosome production and 1000-fold increase in the
exosomes enriched in MRNAs and peptides compared with other standard methods [49].

Efforts to further enhance the endogenous loading of exosomes with desired RNA were also
attempted. A recent study described an enhanced RNA packaging into exosomes by
overexpressing RNA binding protein, HUR, as a fusion protein with tetraspanins such as
CD?9 in the host cells used for exosome isolation. Co-overexpression of HUR-CD9 fusion
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protein with either miR-155 inhibitor RNA or guide RNA (gRNA) for CRISPR/Cas9
resulted in the specific enrichment of these RNAs in the isolated exosomes. Such exosomal
systems were demonstrated to be efficient for /n vitro and in vivo gene therapy applications
[50]. The endogenous loading of exosomes with protein of interest is often carried out as a
fusion protein along with the surface marker proteins of exosomes. A recent study tested
four exosomal membrane localization proteins such as CD63, Palm, PB and CAAX and
determined the loading efficiency of fusion proteins. The authors individually expressed
these proteins as fusion protein with mCherry reporter protein for tracking of exosome
loading. The results showed that CD63 followed by Palm had the highest sorting and
packaging of cargo (mCherry) protein in the exosome. Fusion with PB and CAAX led to the
expression of the reporter protein mCherrry on the plasma membrane rather than in the
exosomes [51]. This study revealed a strategy for enhancing endogenous packaging of
desired therapeutic proteins into exosomes for achieving maximum treatment outcomes.

To simplify the exosomal loading with desired therapeutic components, researchers
developed and successfully demonstrated methods that enabled direct loading of exosomes
with therapeutic compounds. For instance, exosomes transfected with miRNA mimics or
inhibitors using the modified calcium chloride-based method respectively resulted in an
efficient overexpression or depletion of the target miRNAs in the recipient cells [52]. As an
alternative, sonication was also shown to be effective in loading the short nucleic acid
sequences into exosomes. For instance, the loading of siRNA against HER2 in exosomes
resulted in a significant reduction in HER2 mRNAs in the recipient cells making it a viable
option for breast cancer therapy [53]. On the other hand, treatment of SKOV3 ovarian cancer
cells with exosomes loaded via electroporation with plasmid DNA expressing sgRNA for
poly (ADP-ribose) polymerase-1 (PARP-1) suppressed cell growth and sensitized the cells to
cisplatin [54]. Another study reported pH gradient based direct loading of RNAs, especially
small RNAs into exosomes [55]. Above all, a simple co-incubation of hydrophobic synthetic
siRNAs with exosomes yielded successful encapsulation within exosomes [56]. Thus,
exogenous loading of exosomes with different biomolecules offers a rapid production of
therapeutic exosomes. However, direct loading of exosomes with siRNA and DNA were also
shown to result in inefficient loading and delivery of the contents that became in-effective in
the recipient cells [57]. Altogether, direct loading of exosomes with therapeutic content
requires further optimization and scale-up methods to make it a viable approach for cancer
therapy.

1.5. Surface engineering of exosomes

Exosomes while proven to be useful as anti-cancer drug carrier /n vitro, it use for delivering
anticancer drugs /n vivo could be limited due to non-specific toxicity and off-target effects
similar to that observed with conventional chemodrugs. This necessitates equipping the
drug-loaded exosome’s surface with tumor-targeted ligands (eg: peptide, antibody, aptamer)
for achieving tumor-specific drug delivery and reduced non-specific toxicity. The ligands
used are often targeted against receptors that are overexpressed in cancer cells. Such ligand/
antibody displaying exosomes were reported to function effectively in suppressing tumor
growth since they are taken up by recipient tumor cells through a receptor mediated
endocytosis process that avoids endosome encapsulation and trapping [54]. Several
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strategies for surface modification of the exosome with ligands have been tested. For
instance, exosomes obtained from the noncancerous HEK293T cells were anchored with
lipophilic hyaluronic acid (lipHA-hEVSs) as a ligand to target CD44 overexpressing
MCF7/ADR breast cancer cells to deliver doxorubicin. These lipHA-hEVs were shown to
enrich doxorubicin specifically in breast cancer cells thereby reducing the tumor mass by
89% and increasing the animal survival by 50% [58]. Similarly, lipophilic linker mediated
surface tagging of exosomes with monoclonal antibodies (mAb) is another common strategy
widely endorsed. For example, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine lipophilic
linker conjugated with polyethylene glycol (PEG) and SSTR2 mAb was used to modify the
exosome surface to deliver FK228 histone deacetylase inhibitor to pancreatic
neuroendocrine xenograft model in mouse where the SSTR2 is overexpressed [59]. Another
example is the exosomal surface modification with antibodies capable of releasing
checkpoint inhibition for improved cancer therapy. Overexpression of CD47 is observed in
many cancer cells that enables them to escape from being engulfed by macrophages.
Exosomes derived from M1 macrophages anchored on their membrane with
dibenzocyclooctyne-modified antibodies against CD47 or SIRPa via a pH responsive
benzoic imine bond resulted in the enhanced targeting of tumor cells by macrophages.
Notably, this modification stimulated a conversion of M2 pro-tumoral macrophage
phenotype to M1 anti-tumoral phenotype characteristics [60, 61].

Receptor protein engineering is another strategy for preparing exosomes for targeted
delivery. Recently, a novel method was described in HEK293 cells that enabled partitioning
of reporter proteins into the inner or outer surface of exosome by utilizing specific locations
on the tetraspanin proteins for fusion protein engineering. Such methods immensely allow
engineering of exosomes to suit better for the targeted delivery of favourable therapeutic
content [62]. On these lines, chimeric antigen receptor (CAR)-T therapy is becoming an
appealing and promising approach for cancer treatment. Exosomes obtained from CAR-T
cells contain high number of CAR on the surface, which elicits enhanced tumor cell
cytotoxicity. These CAR exosomes lack programmed cell death protein 1 (PD-1) expression
on their membrane and hence bypass the immunosuppressive mechanisms to which CAR-T
cells are subjected. Moreover, CAR exosomes do not show the acute toxicities observed with
CAR-T cell therapy. These characteristics make the exosomes derived from CAR-T cells an
ideal candidate for anti-cancer therapy [63, 64]. Likewise, utilizing the sulfhydryl groups on
the exosome membrane proteins for the targeted delivery has also been described in the
literature. Engineering the surface of exosomes with functionalized DNA linked to quantum
dots (EXO-DNA-QDs) enhances the specific uptake of these exosomes by tumor cells up to
85%. Thus, this method can be another effective strategy for improved tumor targeted
delivery [65].

All these methods significantly improve the tumor-targeted drug delivery of the native
exosomes and helps reduce the systemic toxicity otherwise observed with free anticancer
drugs.
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1.6. Exosome hybrids in drug delivery

The composition of native exosomes varies widely and as stated earlier their yield is also
usually low thus restricting their potential for translational adoption. To address this,
exosome-mimetic nanosystems (EMNSs) were produced by sequential extrusion of the cells
through multiple filters with downgraded pore size [66]. Such EMNSs result in 100 times
more yield in nanovesicles and with defined composition. Alternatively, incorporating the
liposome technology for generating these EMNs was shown to result in 1000 times more
yield in nanovesicles. Liposomes based on various lipids such as DOTAP, POPC, DPPC and
POPG are commonly fused with exosomes to produce these EMNs hybrid particles with
desired size range of 100 nm. These EMNs can further be improved for an exosome like
properties such as tagging them with integrin a6p4 to enable organotropism [67]. Fusion of
membrane proteins or exosomes obtained from red blood cells (RBCs), and leukocytes were
also reported to improve these liposomes based EMNs in exerting antitumor activity.
Moreover, these EMNs were effective in delivering the benefits of natural exosomes such as
improved tumor enrichment, stability, controlled production, and drug loading capacity [68—
70].

On the other hand, combining exosomes with nanoparticles has been reported to reduce the
immunogenicity associated toxicity of the nanoparticles. For example, Wang et al., [71] used
a “cocktail therapy”, that combined exosomes from natural Killer cells with their biomimetic
core shell nanoparticles. This cocktail therapy efficiently delivered miRNAs to
neuroblastoma cells in an /n vivo model resulting in increased tumor prevention. In another
study, exosomes were loaded with gold nanoparticles pre-conjugated with doxorubicin via a
pH sensitive hydrazine linker to achieve tumor-specific and controlled release of drug to
lung cancer cells [29]. This approach specifically is useful when chemotherapeutics are
planned for cancer therapy.

1.7. Exosomes of non-human origin for cancer therapy

It’s intriguing to note that exosomes obtained from non-human origin such as from bacteria
and plants showed anti-tumor functionality. They were suggested to be useful in cancer
therapy mainly due to their reduced toxicity and comparative ease in large scale production.
Moreover, these exosomes retained the functionality comparable to the exosomes prepared
from animal and human origin. EVs or outer membrane vesicles in the size range of 40 nm
obtained from gram-negative and gram-positive bacteria accumulated in the tumor
environment and stimulated the production of anti-tumor cytokines, CXCL10 and interferon-
v [72]. Likewise, EVs from a gram-positive bacterium, Lactobacillus rhamnosus induced
apoptosis in hepatic cancer cells through the regulation of anti-apoptotic Bcl-2 and pro-
apoptotic Bax proteins [73]. On the other hand, plant derived EVs have been well
documented and their drug delivery applications reported as well. Particularly, intranasal
delivery of grapefruit derived EVs loaded with miR-17 and decorated with folic acid were
selectively taken up by tumor cells and inhibited brain tumor in mice [71]. Similarly, citrus-
derived exosomes induced TRAIL-mediated apoptosis and reduced growth of chronic
myeloid leukaemia (CML) in NOD/SCID mice [74]. Thus, such extended sources of
exosomes are a valuable alternative that can be availed as a carrier for encapsulating the anti-
cancer therapeutics for an effective cancer therapy in humans.
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1.8. Exosome mediated delivery vehicles in pre-clinical and clinical trials

Since exosomes have tremendous potential to serve as drug delivery vehicles /in vitroand in
vivo, their translation into clinical application have been initiated and several are in progress.
Currently, a phase | clinical trial in progress utilizes a plant derived exosome to deliver
curcumin for colon cancer treatment (www.clinicaltrials.gov; NCT01294072). Similarly,
dexosomes are small vesicles secreted by the dendritic cells with an enriched membrane
content of major histocompatibility complex (MHC) class | and 11 molecules along with
tetraspanins and CD86 proteins. These dexosomes are implicated in stimulating the immune
response. Results from preclinical studies and phase I clinical trial demonstrated the
dexosomes as efficient activator of the innate and adaptive immune response towards
antitumor surveillance [75]. In fact, a phase Il clinical trial with tumor antigen loaded
dexosomes for cancer vaccination is currently in progress (NCT01159288). Similarly, a
phase Il clinical trial using IFN-y on dexosomes showed that they could elicit anti-tumor
function through natural killer (NK) cells [76]. The results from these clinical trials highlight
the significant strides made with exosome as drug delivery vehicles and provide enormous
promise for additional clinical trials in the future that utilize exosomes for therapeutic
applications.

2. Contribution of exosomes in anticancer drug resistance

Common cancer treatment options include monotherapy or a combination of the modalities,
such as chemotherapy, immunotherapy, cellular therapy, radiotherapy, hormonal therapy, and
surgery. However, development of resistance to these treatments is common and the disease
on relapse often exhibit an aggressive behaviour. While several factors contributing to drug
resistance has been studied in the past, the role of exosomes in drug resistance is relatively
new. For example, enhanced metastasis post-surgery has been documented, and exosomes
are thought to be a contributing factor [77, 78]. Similarly, exosomes produced by drug
resistant tumor cells can reshape and reconfigure the infiltrating immune cells (T-cell,
macrophage, dendritic cells) present within the tumor microenvironment and perturb their
function resulting in their inability to induce host immune response [79, 80]. Furthermore,
exosomes undeniably mediate drug resistance as evidenced by a study that showed
exosomes from drug-resistant human microvascular endothelial cells (HMVEC) promoted
epithelial-mesenchymal transition (EMT) and growth of nasopharyngeal carcinoma cells
[81]. However, the tumor growth promoting effects of exosomes from the drug resistant
HMVEC was abrogated when treated with the exosome inhibitor, GW4869. In the section
below, we discuss exosome-mediated resistance mechanisms to currently used anti-cancer
therapies.

2.1. Exosomes in chemotherapy resistance

Chemotherapy is widely used in cancer treatment. There have been a variety of classes of
chemotherapies described in the literature based on their mode of action such as alkylating
agents, inhibitors of mitosis, and corticosteroids to name a few [82]. However, occurrence of
resistance (innate and acquired) to chemotherapy is common causing disease recurrence.
While several mechanisms of drug resistance have been reported in the past, more recently
resistance contributed by TDEs has emerged. Table 1 lists exosome-mediated drug resistance
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towards commonly used anti-cancer drugs. Factors involved in drug resistant mechanisms
for a select list of drugs are discussed below.

Cisplatin (cis-diamminedichloridoplatinum; CDDP) is an alkylating agent that is widely
used against multiple human solid tumors [82]. In ovarian cancer cells, exosome mediated
transfer of cytosolic gelsolin (0GSN) protein caused CDDP-sensitive cells to become
resistant [15]. Similarly, treatment of lung cancer cells with miR-425-3p packaged
exosomes isolated from CDDP-treated cells conferred resistance by stimulating the
autophagic process via AKT1 [80]. In MDA-MB-231 triple negative breast cancer cells,
addition of miR (miR-370-3p, miR-423-5p, and miR-373) enriched exosome conferred
CDDRP resistance [81].

Oxaliplatin is another platinum-based alkylating agent and anti-cancer drug used in the
treatment of cancers. Poor response to the oxaliplatin treatment is increasingly attributed to
the long-noncoding RNA (IncRNA) cargo in the exosomes from drug resistant cells. In
colorectal cancer (CRC) cells, transfer of exosomes containing colorectal cancer-associated
IncRNA (CCAL) from cancer associated fibroblasts (CAF) to CRC cells resulted in
suppression of apoptosis, activation of beta-catenin and drug resistance. Functional studies
showed CCAL interacted with the mRNA binding human antigen R (HuR) and increased f3-
catenin mRNA and protein levels contributing to chemoresistance [83]. Similarly,
miR-46146 was observed to be enriched in exosomes obtained from CRC cells and was
shown to influence PDCD10 to exert chemoresistance in the recipient cells [84]. Resistance
to combinatorial therapies have also been reported in CRC. Oxaliplatin combined with the
anti-metabolite 5-fluorouracil (5-FU) was reported to be challenged by the generation of a
resistant mechanism through transcription factor activating enhancer binding protein 2e
(TFAP2E) mediated upregulation of miRNAs miR106a5p and miR421 in MGC803/5FU
CRC cells [81, 85].

Sorafenib, a multi-kinase inhibitor that inhibits tumor growth by blocking the Raf kinase,
vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF) is
widely used in the treatment of liver, kidney, and thyroid cancers. Resistance to sorafenib
was reported to be mediated by exosomes in human renal cell carcinoma (RCC) via
miR-31-5p and MLH1 mediated mechanisms both /n vitroand in vivo. Furthermore, RCC
patients with progressive disease receiving sorafenib treatment showed increased amounts of
miR-31-5p in the exosomes [86]. Similarly, resistance towards sorafenib due to reduced
miR-744 content in exosomes was demonstrated in hepatocellular carcinoma (HCC) [87]. In
the same study, the authors showed that addition of miR-744 enriched exosomes to HCC
reverted to chemosensitization and inhibited tumor cell proliferation. Exosome-mediated
resistance mechanisms to multiple anti-cancer drugs including docetaxel, temozolomide,
bortezomib and doxorubicin were also reported [Table 1].

Another mechanism by which exosomes can contribute to drug resistance is by carrying the
drug efflux components that attribute for multi-drug resistance (MDR). Frequently, more
than 50% of cancer patients with MDR are linked with elevated levels of adenosine
triphosphate (ATP)-binding cassette transporter (ABC) family of proteins such as, P-
glycoprotein (P-gp) and breast cancer resistance protein (BCRP). The ABC transporters are
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reported to impart resistance to over 20 different lead anti-cancer drugs [88, 89].
Conceivably, transfer of constituents of these multi-drug efflux pump can be a viable
mechanism for cancer cells to combat anti-cancer therapy. Notably, exosomes either directly
carry these ABC transporter proteins or carry miRNA/mRNA components from drug
resistant cells that can stimulate expression of the ABC transporter proteins in drug-sensitive
cancer cell population and making them become resistant. Intriguingly, if the ABC
transporters are placed inverted in the exosome membrane, they can remove anti-tumor
drugs from the intercellular space as well [90-92]. Conversely, direct transfer of
chemotherapeutic drugs from resistant to susceptible tumor cells via exosomes is another
substantial mode of development of chemoresistance. Such exosome mediated resistance
was conferred for cisplatin, pixantrone and doxorubicin drugs in melanoma, breast and
ovarian cancers [93-96]. Thus, multiple-modes of resistance mechanisms is operational to
escape chemotherapy.

2.2. Exosomes contribute to immunotherapy resistance

Until recently, cancer treatment options were limited to conventional chemotherapy,
radiotherapy, and surgery. However, the recent application of immunotherapy has seen great
success due to efficacious and durable response by patients. Immunotherapy strategies
include the usage of monoclonal antibodies, vaccines, immune checkpoint inhibitors,
lymphocyte-activating cytokines, CAR-T cells, bispecific antibodies, and oncolytic viruses
[97-99]. Immune checkpoint proteins restrict both the immune responses to pathogens and
self-antigens generated by the carcinogenesis process. Cancer cells are known to overexpress
checkpoint proteins such as programmed death ligand (PDL)-1 that interacts with
programmed cell death (PD)-1 receptor to inactivate T cells. Application of antibodies to
regulate the immune checkpoint has improved response to therapy by 20-30%. Below are
some of the recent immunotherapy approaches and the reported resistance mechanisms
mediated by exosomes.

Exosomes are reported to disseminate resistance either by carrying receptor proteins that
compete with the targeted therapy antibodies or deliver a cargo of noncoding RNAs and
proteins to the sensitive cells. For instance, increasing evidence supports that the tumor
secreted exosomes contain increased levels of PDL-1 that function as decoy for the PDL-1
targeted therapy [100]. A similar phenomenon was observed with anti-CD20 targeted
therapy. Exosomes secreted by B-cell lymphoma cells have been shown to carry CD-20 to
block antibodies targeted against CD-20. Furthermore, these exosomes complexed with anti-
CD20 antibodies attracted complement proteins, thereby evading the antibody mediated lysis
of cancer cells [101]. Contribution of noncoding RNAs and protein cargo present in the
exosomes have also been shown to contribute to resistance against trastuzumab-targeted
therapy. Trastuzumab is a monoclonal antibody against human epidermal growth factor
receptor (HER)-2 that is used as a targeted therapy for breast, metastatic gastric, and other
HER2 overexpressing cancers [102]. In breast cancer, overexpression of IncRNA-small
nucleolar RNA host gene 14 (SNHG14) was associated with resistance to trastuzumab
targeted therapy [103]. Similarly, overexpression of IncRNAs such as the actin filament
associated protein 1 antisense RNA 1 (AFAP1-AS1) and AGAP2 antisense RNA 1 (AGAP2-
AS1) in trastuzumab resistant breast cancer cells and their exosomes contributed to therapy
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resistance [104, 105]. Exosome mediated resistant mechanisms were reported not only for
HER2-targeted therapy but also for other cancer targeted therapies. For example, Cetuximab
is a human and mouse chimeric monoclonal antibody against epidermal growth factor
receptor (EGFR). This antibody is widely used for treatment of colon cancer patients
carrying the wild-type KRAS gene. In RKO colon cancer cells, exosome conferred
resistance to cetuximab by regulating the phosphatase and tensin homolog (PTEN)/Akt
pathway [106]. Similarly, exosome mediated resistance to the anti-apoptotic survivin protein
was observed in glioma patients receiving anti-survivin vaccine (SurVaxM) [107]. The
survivin containing exosomes were higher in the glioma patients than in healthy control
individuals. Overall, the resistance mechanisms contributed by the exosomes significantly
reduce the effectiveness of immunotherapy in cancer patients.

2.3. Radiotherapy/proton therapy resistance mediated by exosomes

Radiation therapy or radiotherapy uses ionizing radiation to kill cancer cells. Although,
radiotherapy alone is effective in Killing cancer cells, it is often combined with other cancer
treatments such as chemotherapy, hormonal therapy and surgery to contain cancer more
efficiently [108]. Nevertheless, exosome mediated resistance to radiotherapy results in the
recurrence of metastatic cancers. For instance, exposing BHY and FaDu head and neck
cancer cells to gamma radiation stimulated increased secretion of exosomes. Co-culturing of
these exosomes with BHY cells conferred radioresistance and promoted proliferation of
recipient cells as early as 6 h post exosome treatment. Mechanistically, these exosomes
exerted their resistance function through enhanced DNA double strand break repair [109].
Similarly, latent membrane protein-1 (LMP1) containing exosomes from CNE1
nasopharyngeal carcinoma cells were observed to induce radioresistance by activating the
p38 MAPK pathway in recipient cells [110]. Also, exosomes from hypoxic glioblastoma
cells were found to contain miR-301a which targeted the tumor-suppressor TCEAL7 gene
and conferred radioresistance to corresponding normoxic recipient cells [111]. Likewise, Ni
et al., have extensively discussed the aspects of exosome mediated radiation-resistance to
multiple cancer treatments [112]. Conversely, exosomes also carry tumor suppressor
miRNAs that suppressed the radioresistance of nasopharyngeal carcinoma [113].

Proton beam therapy (PBT) is a type of radiotherapy with improved therapeutic effects and
reduced side effects compared with conventional X-ray based radiotherapy. Notably, PBT
has been increasingly employed as a treatment option for multiple cancer types [114].
However, exosome mediated PBT resistance mechanisms have been reported as well. Proton
irradiated HeLa cervical carcinoma cells were shown to secrete exosomes with higher
content of survivin [115] thereby favouring tumor growth and treatment resistance. Thus, it
is evident that exosomes play an important role in conferring resistance to radiation and
proton therapy and strategies overriding radiotherapy resistance is warranted.

2.4. Involvement of exosomes in the resistance to anti-cancer hormonal therapy

Pathogenesis of certain malignancies such as breast and prostate cancer are influenced by
hormones. Hence, first and second-generation drugs targeting hormone specific pathways
are recommended for treating these malignancies. However, exosome mediated resistance
mechanisms have been reported that decrease the efficiency of hormonal therapies. Notably,
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MCF-7 breast cancer cells resistant to the anti-estrogen, tamoxifen, secrete exosomes that
confer resistance to tamoxifen treatment upon its delivery to sensitive cells [116]. Moreover,
transfer of mitochondrial DNA by exosomes to oxidative phosphorylation-deficient breast
cancer cells enabled the cells to bypass hormonal therapy-induced dormancy and develop
resistance to hormonal therapy [117].

Conclusion and perspectives

Within the past decade, the field of exosome research has disclosed enormous information
on these nanosized natural particles that can be harnessed in a broad range of basic and
translational applications. This was achieved due to keen interest in the field combined with
parallel discovery and evolution of supportive isolation and purification technologies; direct/
indirect exosome drug loading/manipulating methods; /n vivo imaging and high-throughput
methods for exosomal RNA/protein profiling. However, limitations exist in the use of
exosomes as drug delivery vehicle. Major issues related to their use as drug carriers include
isolation methods, purity, homogeneity, immunogenicity, and scalability. For example,
exosomes have been shown to exhibit low immunogenicity compared synthetic nanocarriers.
However, whether exosomes derived from different cell types exhibit varying
immunogenicity is not known. Thus, comparative understanding on the immunogenicity of
exosomes isolated from different cellular and biological sources will allow researchers to
choose appropriate exosome source for use as drug delivery vehicle and advancing to
clinical translation. Similarly, information about why exosomes from certain cell types
demonstrate high intrinsic drug loading capacity and efficient drug delivery to tumor sites
than others can potentially improve exosome’s application for clinical use.

In the context of drug resistance, improved understanding of the exosome biology has
allowed in demonstrating their role in resistance and therapy failure. However, majority of
the studies have focused on resistance towards a single agent. For clinical relevance where
combinatorial treatments are applied, it is important to investigate the contribution of
exosome-mediated resistance towards combination therapies. Therefore, designing studies to
closely monitor the emergence of exosome mediated resistance to numerous current and
novel anti-cancer therapies, will enable researchers to quickly re-engineer these therapies to
reduce or avoid emergence of exosome mediated therapy resistance. These necessary steps
will stimulate the application of exosomes as a drug carrier and for the targeted delivery of
anti-cancer therapeutics.
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Highlights
Exosomes are potential, natural drug delivery vehicles.

Engineering of exosome cargo and surface receptors can make exosomes
suitable for targeted drug delivery.

Exosomes mediate resistance to multiple anti-cancer therapies.

Cancer Lett. Author manuscript; available in PMC 2021 August 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chinnappan et al. Page 24

Untreated cells Cells treated with
-Sulphydryl group blockers
-Electrical treatment

-Chemotherapeutics

-Calcium phosphate
-NDRG1 Knock down
-Hypoxia

Cells in culture

Low Exosomes High Exosomes

Figure 1.
Strategies to induce exosome induction from cells. Exosome production can be increased by

subjecting the cells to electrical signal; knockdown of endo-lysosomal gene (VDRGI);
treating cells with calcium phosphate; membrane protein sulfhydryl group blockers;
chemotherapy agents; and hypoxia.
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Figure 2.

Method of loading therapeutics in exosome. Exosomes isolated from certain cell types show
antitumor effects with its endogenously loaded composition. Exosomes can also be equipped
exogenously with therapeutic proteins, nucleic acids, and small molecules. Endogenous
loading of exosomes is achieved using a plasmid vector based expression of protein as a
fusion protein with the tetraspanin proteins.
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Table 1.

List of anticancer drugs with reported resistance mechanisms mediated by exosomes.
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Expression

Drug Resistance factor change in Target Cancer Reference

resistant cells

Oxaliplatin hsa_circ_0005963 Up miR-122/PKM2 Colorectal cancer [118]

Palbociclib Thymidine Kinase 1 (TK1), Up - Breast cancer [119]
CDK9

S-fluorouracil (5- STAT3 and GSTP1 U Colorectal C 120

FU) p- an p - olorectal Cancer [120]

Temozolomide miR-151a-3p/ .

(TM2) IncRNA SBF2-AS1 Up XRCC4 Glioblasto ma [121]
miR-1238 Up CAV1/EGFR Glioblasto ma [122]
miR-9-5p, miR-195-5p,

Docetaxel miR-203a-3p Up ONECUT2 Breast cancer [123]

Doxorubicin miR-501-5p Up BLID Gastric cancer [79]

. . . Concerts .
Melphalan or Acid sphingomyelina se . oo Multiple
. Up sphingomyel in into [124]
Bortezomib (ASM) ceramide myeloma
Vincristine Chloride intracellular channel Up - Gastric cancer [125]

1(CLIC1)
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